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SUMMARY 

The Federal  Aviat ion Adminis t ra t ion (FAA) has  implemented an  automated, t i m e -  
based meter ing form of a i r  t r a f f i c  c o n t r o l  wi th  p r o f i l e  descen t  procedures  f o r  a r r i v -  
a ls  i n t o  t h e  t e rmina l  area. These concepts  provide f u e l  sav ings  by matching t h e  
a i r p l a n e - a r r i v a l  f low t o  t h e  a i r p o r t  acceptance ra te  through t ime-control  computa- 
t i o n s  and by a l lowing  t h e  p i l o t  t o  descend a t  h i s  d i s c r e t i o n  from c r u i s e  a l t i t u d e  t o  
a des igna ted  meter ing f i x  i n  an  i d l e - t h r u s t ,  c l e a n  ( l and ing  gear up, f l a p s  zero,  and 
speed brakes r e t r a c t e d )  conf igu ra t ion .  s u b s t a n t i a l  f u e l  s av ings  have r e s u l t e d  from 
t h e s e  procedures ,  b u t  a i r  t r a f f i c  c o n t r o l  (ATC) workload i s  high s i n c e  t h e  r a d a r  
c o n t r o l l e r  maintains  t i m e  management f o r  each a i r p l a n e  through e i t h e r  speed c o n t r o l  
o r  p a t h  s t r e t c h i n g  wi th  r a d a r  vec tors .  P i l o t  workload i s  a l s o  h igh  s i n c e  t h e  p i l o t  
must p l an  f o r  an i d l e - t h r u s t  descent  t o  t h e  meter ing f i x  us ing  var ious  r u l e s  of 
thumb. 

The Nat iona l  Aeronaut ics  and Space Adminis t ra t ion (NASA) has  developed an  a i r -  
borne descent  a lgor i thm compatible with time-based meter ing procedures  and p r o f i l e  
descen t  procedures  designed t o  improve t h e  accuracy of d e l i v e r i n g  an  a i r p l a n e  t o  a 
metering f i x  a t  a t i m e  des igna ted  by t h e  ATC system. This a lgor i thm provides  open- 
loop  guidance € o r  an  a i r p l a n e  t o  make an i d l e - t h r u s t ,  c lean-configured descent  t o  
a r r i v e  a t  t h e  meter ing f i x  a t  a predetermined t i m e ,  a l t i t u d e ,  and a i r speed .  The 
a lgor i thm may a l s o  be used f o r  planning fue l -conserva t ive  descen t s  when t i m e  is  n o t  
a cons ide ra t ion .  

The a lgor i thm w a s  programmed on a s m a l l ,  hand-held, programmable c a l c u l a t o r .  
F l i g h t  tests w e r e  conducted us ing  t h e  c a l c u l a t o r  on a T-39A ( S a b r e l i n e r )  a i r p l a n e .  
The r e s u l t s  of t h e s e  t es t s  i n d i c a t e d  t h a t  t h e  open-loop guidance, provided t o  t h e  
p i l o t  i n  t h e  form of an i n d i c a t i o n  on t h e  distance-measuring equipment (DME) of t h e  
p o i n t  t o  s t a r t  t h e  i d l e - t h r u s t  descent  and Mach and a i r speed  i n d i c a t i o n s  dur ing  t h e  
descent ,  could be used t o  execute  t h e  descent  as p red ic t ed  by t h e  algori thm. The 
r e s u l t i n g  mean d i s t a n c e  and t i m e  e r r o r s  t o  a c t u a l l y  achieve t h e  p red ic t ed  speed and 
a l t i t u d e  cond i t ions  a t  t h e  end of t h e  descent  p r o f i l e  w e r e  1 . 2  n.mi. long and 
1 .4  sec e a r l y .  

INTRODUCTION 

Rising f u e l  c o s t s ,  combined with o the r  economic p r e s s u r e s ,  have r e s u l t e d  i n  
i n d u s t r y  requirements  f o r  more e f f i c i e n t  a i r  t r a f f i c  c o n t r o l  and a i r c r a f t  opera t ions .  
The Federal  Aviat ion Adminis t ra t ion (FAA) has  implemented an automated form of a i r  
t r a f f i c  c o n t r o l  (ATC) f o r  a r r i v a l s  i n t o  t h e  a i r p o r t  t e rmina l  area. ?he concept pro- 
v ides  f o r  i nc reased  a i r p o r t  capac i ty  and f u e l  sav ings  by combining time-based m e t e r -  
i n g  with p r o f i l e  descen t  procedures.  Time-based meter ing procedures  provide f o r  
sequencing a r r i v a l s  t o  the a i r p o r t  through t i m e  c o n t r o l  of a i r p l a n e s  t o  meter ing 
f i x e s  loca t ed  30 t o  40 n.mi. from the a i r p o r t .  A t i m e  i s  computed f o r  each incoming 
a i r p l a n e  t o  c r o s s  one of t he  meter ing f i x e s ,  based on an estimate of i t s  a r r i v a l  t o  
t h e  runway, with adjustments  made t o  reso lve  c o n f l i c t s  where more than one a i r p l a n e  
would be on the  runway s imultaneously.  By t i m e  meter ing t h e  a i r p l a n e s  to  t h e s e  
f i x e s ,  t h e  low-a l t i tude  vec to r ing  (and a s s o c i a t e d  f u e l  consumption) r equ i r ed  to  
sequence the  a i r p l a n e s  i n t o  a f i n a l  queue f o r  landing  i s  reduced. In  a d d i t i o n ,  
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d e l a y s  due t o  t e rmina l  area sequencing may be absorbed a t  h ighe r  a l t i t u d e s ,  f u r t h e r  
minimizing f u e l  usage (refs. 1 and 2 ) .  

P r o f i l e  descen t  procedures  permit the i n i t i a t i o n  of t h e  descen t  a t  the p i l o t ' s  
d i s c r e t i o n .  This procedure a l l o w s  t h e  p i l o t  to  p l a n  a fue l -conserva t ive  descen t ,  
t h a t  t akes  i n t o  account  t h e  performance c h a r a c t e r i s t i c s  of h i s  p a r t i c u l a r  a i r p l a n e ,  
so t h a t  t he  a i r p l a n e  w i l l  pass the meter ing f i x  a t  a s p e c i f i e d  a l t i t u d e  and a i r speed .  

In  t h e  p r e s e n t  o p e r a t i o n a l  concept  of the time-based meter ing ope ra t ions ,  t h e  
ATC c o n t r o l l e r  changes t h e  f l i g h t - p a t h  l eng th  by i s s u i n g  r a d a r  vec to r s  and/or c o m -  
mands speed changes, as requi red ,  so  t h a t  each a i r p l a n e  crosses the meter ing f i x  a t  
i t s  ass igned  t i m e .  These ope ra t ions  have r e s u l t e d  i n  errors of between 1 and 2 min 
i n  a i r p l a n e  a r r iva l  t i m e  a t  t h e  meter ing f i x  (ref. 3 ) .  The p i l o t  is  re spons ib l e  €or 
planning a fue l -conserva t ive  descen t  from c r u i s e  a l t i t u d e  t o  a r r i v e  a t  t h e  meter ing 
f i x  a t  a des igna ted  a l t i t u d e  and a i r speed .  S ince  no guidance i s  computed, t h e  p i l o t s  
are forced  to  r e l y  on exper ience  and var ious  r u l e s  of thumb t o  p l an  t h e  descen t .  
This  r e s u l t s  i n  high cockp i t  workloads and i n  t h e  f u l l  p o t e n t i a l  of f u e l  sav ings  from 
a planned descent  n o t  being obta ined  ( r e f .  4 ) .  

The Nat iona l  Aeronaut ics  and Space Adminis t ra t ion (NASA) has  developed and 
f l i g h t  t e s t e d ,  i n  i t s  Advanced Transpor t  Operat ing Systems (ATOPS, p rev ious ly  des ig-  
na t ed  t h e  Terminal Configured Vehicle)  Boeing 737 r e s e a r c h  a i r p l a n e ,  a f l i g h t -  
management descen t  a lgor i thm ( r e f .  5) which provides  c losed-loop guidance t o  t h e  
p i l o t  f o r  a t ime-constrained,  fue l -conserva t ive  descen t  t o  t h e  meter ing f i x .  These 
f l i g h t  tests demonstrated t h a t  t he  a r r i v a l  t i m e  d i s p e r s i o n  a t  t he  metering f i x  could  
be reduced t o  less than 10 sec and p i l o t  workload could  be reduced with t h e  use of a 
flight-management system i n t e g r a t e d  with an advanced guidance and d i s p l a y  system. 

The f avorab le  r e s u l t s  of t hese  tests encouraged a d d i t i o n a l  r e sea rch  t o  examine 
t h e  f e a s i b i l i t y  of provid ing  open-loop quidance f o r  a i r p l a n e s  with convent iona l  cock- 
p i t  ins t rumenta t ion .  !this re sea rch  w a s  accomplished by programming a s i m p l i f i e d  
vers ion  of t h e  flight-management descent  a lgor i thm on a s m a l l  programmable c a l c u l a t o r .  
The Mach and a i r speed  i n d i c a t o r s  w e r e  used t o  provide  open-loop guidance du r ing  t h e  
descent .  F l i g h t  tests w e r e  conducted with a T-39A ( S a b r e l i n e r )  a i r p l a n e  t o  s tudy  t h e  
e f fec ts  of a lgor i thm s i m p l i f i c a t i o n  and open-loop guidance upon t h e  accuracy of 
a r r i v i n g  a t  a meter ing f i x  a t  a predetermined t i m e ,  speed, and a l t i t u d e .  This r e p o r t  
desc r ibes  the  s i m p l i f i e d  descent-planning a lgor i thm,  documents t h e  s e n s i t i v i t y  of the  
descen t  p r o f i l e  t o  v a r i a t i o n s  of p i l o t  i n p u t s  used i n  t h e  computations,  and summa- 
r i z e s  t h e  T-39A f l i g h t  test  r e s u l t s .  

SYMBOLS AND ABBREVIATIONS 

ATC 

ATOPS 

CAS 

CASd 

CASd , f i x e d  

CASd 

2 

a i r  t r a f f i c  c o n t r o l  

Advanced Transpor t  Operat ing Systems 

c a l i b r a t e d  a i r speed ,  knots  

c a l i b r a t e d  a i r s p e e d  used dur ing  descen t ,  kno t s  

descent  c a l i b r a t e d  a i r speed  f i x e d  f o r  speed i t e r a t i o n  computations,  
kno t s  

descen t  c a l i b r a t e d  a i r s p e e d  computed on i t h  i t e r a t i o n ,  knots  



‘Asdl i n i t i a l  

CASd, max 

CASd, m i  n 

I 
 CAS^^ 

\ DME 

Dw,h 

D W , S  

computed i n i t i a l  descen t  c a l i b r a t e d  a i r speed ,  knots  

maximum o p e r a t i o n a l  descen t  c a l i b r a t e d  a i r speed ,  kno t s  

minimum o p e r a t i o n a l  descen t  c a l i b r a t e d  a i r speed ,  knots  

c a l i b r a t e d  a i r s p e e d  t o  c r o s s  metering f i x ,  kno t s  

distance-measuring equipment 

magnetic wind d i r e c t i o n  eva lua ted  a t  a l t i t u d e  h, deg 

magnetic wind d i r e c t i o n  computed f o r  s ea - l eve l  a l t i t u d e ,  deg 

wind d i r e c t i o n  g r a d i e n t  w i th  r e s p e c t  t o  a l t i t u d e ,  d e g / f t  

change i n  a l t i t u d e  rate wi th  respect t o  change i n  a l t i t u d e  eva lua ted  
a t  Mach number Md, ( f t / s e c ) / f t  

dSW - 
dh wind speed g r a d i e n t  with r e s p e c t  t o  a l t i t u d e ,  k n o t s / f t  

GW g r o s s  weight,  l b  

HD a i r p l a n e  magnetic t r a c k  ang le  a long  ground, deg 

h a l t i t u d e ,  f t  

c r u i s e  a l t i t u d e ,  f t  

g e o p o t e n t i a l  a l t i t u d e ,  f t  

meter ing-f ix  a l t i t u d e ,  f t  

p r e s s u r e  a l t i t u d e ,  f t 

hC 

hGP 

h~~ 

hp 

hxo 

1; 
0 

hCASd 

a l t i t u d e  a t  t r a n s i t i o n  from c o n s t a n t  Mach descen t  t o  c o n s t a n t  a i r speed  
descen t ,  f t  

rate of change of a l t i t u d e ,  f t / s e c  

rate of change of a l t i t u d e  eva lua ted  a t  c a l i b r a t e d  airspeed CASd, 
ft/sec 

rate of change of a l t i t u d e  eva lua ted  a t  Mach number Md, f t / s e c  
d 

I D L  

I S A  

c a l c u l a t o r  d i s p l a y  showing p o i n t  where t h r u s t  should be reduced t o  
f l i g h t  i d l e ,  n.mi. 

ICAO Standard Atmosphere 
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K 

yr; 

dk;/dh 
K 

K1 

K2 

t 1 

M 

M/CAS 

MSL 

MC 

Md 

Md, f i x e d  

Md, i n i t i a l  

Md,max 

Md,min 

OAT 

‘w,h 

s w ,  s 

TAS 

TRK 

TO 

Tst 

T s t , c  

tE 

i n t e r p o l a t i o n  f a c t o r  computed f o r  speed i t e r a t i o n  purposes 

gross-weight m u l t i p l i c a t i o n  f a c t o r  for a l t i t u d e  rate f o r  c o n s t a n t  
c a l i b r a t e d - a i r s p e e d  descen t  

gross-weight m u l t i p l i c a t i o n  factor f o r  change of a l t i t u d e  rate with 
respect t o  a l t i t u d e  f o r  c o n s t a n t  Mach d e s c e n t  

= ($ t h a t  has  been c o r r e c t e d  f o r  gross-weight e f f e c t s ,  
Md ( f t / s e c ) / f t  

equa t ion  cons t an t ,  f t / s e c  

d i s t a n c e  between e n t r y  f i x  and meter ing f i x ,  n.mi. 

Mach number 

Mach number and c a l i b r a t e d  a i r s p e e d  

mean sea l e v e l  

c r u i s e  Mach number 

descen t  Mach number 

d e s c e n t  Mach number f i x e d  f o r  speed i t e r a t i o n  purposes 

computed i n i t i a l  descen t  Mach number 

maximum o p e r a t i o n a l  descen t  Mach number 

minimum o p e r a t i o n a l  descen t  Mach number 

o u t s i d e  a i r  temperature,  OF 

wind speed evaluated a t  a l t i t u d e  h, k n o t s  

wind speed computed f o r  s ea - l eve l  a l t i t u d e ,  kno t s  

t r u e  a i r s p e e d ,  knots  

a i r p l a n e  magnetic t r a c k  angle  a long ground, deg 

s t anda rd  sea - l eve l  a i r  temperature,  OR 

nonstandard sea - l eve l  a i r  temperature,  OR 

s t a t i c  a i r  temperature,  OR 

s ta t ic  a i r  temperature measured a t  c r u i s e  a l t i t u d e ,  OR 

t i m e  e r r o r  f o r  descen t  speed convergence criteria, sec 
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VOR 

'H,h 
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C 
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t i m e  t h a t  e n t r y  f i x  w a s  crossed,  hr:min: sec 

t i m e  ass igned t o  c r o s s  metering f i x ,  hr:min:sec 

very high frequency omnirange nav iga t ion  r a d i o  

head-wind component a long a i r p l a n e  ground t r a c k  evaluated a t  
a l t i t u d e  h,  knots  

a c c e l e r a t i o n ,  knots /sec 

a c c e l e r a t i o n  a t  c r u i s e  a l t i t u d e  ( i d l e  t h r u s t ,  c l e a n  c o n f i g u r a t i o n ) ,  
kno t s / sec  

l e n g t h  of pa th  segment j, n.mi. 

t i m e  r equ i r ed  to  f l y  on pa th  segment j ,  sec 

t i m e  r equ i r ed  t o  f l y  between e n t r y  f i x  and meter ing f i x ,  sec 

DESCRIPTION OF FLIGHT-MANAGEMENT DESCENT ALGORITHM 

Descr ipt ion of General P r o f i l e  

The f light-management descen t  a lgori thm computes t h e  parameters r equ i r ed  t o  
d e s c r i b e  a seven-segment c r u i s e  and descen t  p r o f i l e  ( f i q .  1 )  between an a r b i t r a r i l y  
l o c a t e d  e n t r y  f i x  and an  ATC-defined metering f i x .  me descen t  p r o f i l e  is computed 
based on l i n e a r  approximations of a i r p l a n e  performance f o r  an i d l e - t h r u s t ,  c l ean -  
configured descent .  Airplane g ross  weight, wind, and nonstandard-temperature e f f e c t s  
are a l s o  considered i n  these  c a l c u l a t i o n s .  

Figure 1 shows t h e  v e r t i c a l - p l a n e  geometry of t he  pa th  between t h e  e n t r y  f i x  and 
the  metering f i x .  Each p a t h  segment, s t a r t i n g  a t  t he  metering f i x ,  is numbered 
according t o  t h e  o r d e r  i n  which it is c a l c u l a t e d  by t h e  algori thm. To be compatible 
with s t anda rd  a i r l i n e  o p e r a t i n g  p r a c t i c e s ,  t he  pa th  is c a l c u l a t e d  based upon t h e  
descen t  being flown a t  a c o n s t a n t  Mach number with t r a n s i t i o n  t o  a cons t an t  ca l i -  
b ra t ed  a i r s p e e d  and a l l  speed r educ t ions  made i n  l e v e l  f l i g h t .  

The f i r s t  segment t r a v e r s e d  on t h e  p r o f i l e  is  segment 7 which begins a t  t h e  
e n t r y  f i x  and is flown a t  c o n s t a n t  c r u i s e  a l t i t u d e  and Mach number. Segment 6 is  a 
r e l a t i v e l y  s h o r t ,  l e v e l  f l i g h t  pa th  segment i n  which t h e  p i l o t  reduces t h r u s t  t o  
f l i g h t  i d l e  so t h e  a i r p l a n e  w i l l  slow from the  c r u i s e  Mach number t o  the  descen t  Mach 
number. Segment 6 is  e l imina ted  i f  t h e  descent  and c r u i s e  Mach numbers are t h e  s a m e .  
Once the  descen t  Mach number is  a t t a i n e d ,  t he  descen t  is  s t a r t e d  a t  the beginning of 
segment 5. Segment 5 i s  flown a t  a c o n s t a n t  Mach number. As a l t i t u d e  is  decreased 
along t h i s  p a t h  segment, t h e  c a l i b r a t e d  a i r speed  w i l l  i n c r e a s e  because of i n c r e a s i n g  
a i r  p re s su re ,  Segment 4 begins  when t h e  d e s i r e d  c a l i b r a t e d  a i r s p e e d  i s  a t t a i n e d  
f o r  descent .  The descen t  is  cont inued along t h i s  segment a t  t h e  des i r ed ,  c o n s t a n t  
c a l i b r a t e d  a i r s p e e d .  If the meter ing-f ix  a l t i t u d e  is  below 10 000 f t  MSL and t h e  
descen t  a i r s p e e d  is  g r e a t e r  than 250 knots ,  segments 2 and 3 are computed f o r  t h e  
p i l o t  t o  comply with t h e  ATC-imposed a i r s p e e d  l i m i t  of 250 knots ,  o r  less, below 
10 000 f t  MSL. Segment 3 is a l e v e l - f l i g h t  segment a t  10 000 f t  MSL where t h e  air-  
speed is reduced t o  250 knots.  me descen t  is then cont inued a t  250 knots  a long seg- 
ment 2. When the meter ing-f ix  a l t i t u d e  has  been reached, t h e  a i r p l a n e  is flown a t  a 
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c o n s t a n t  a l t i t u d e  along segment 1 and slowed from t h e  d e s c e n t  a i r s p e e d  t o  t h e  desig-  
nated c a l i b r a t e d  a i r s p e e d  over t h e  metering f i x .  This p a t h  segment is e l imina ted  i f  
t h e  descen t  and meter ing-f ix  a i r s p e e d s  are t h e  same. 

The flight-management descen t  a lgori thm can be used i n  e i t h e r  of two modes. In  
t h e  f i r s t  mode t h e  p i l o t  can e n t e r  t h e  d e s i r e d  M/CAS t o  be flown dur ing  descent .  The 
descen t  p r o f i l e  is  then computed based on t h i s  d e s c e n t  speed schedule  wi thou t  
c o n s i d e r a t i o n  of a c o n s t r a i n t  on meter ing-f ix  a r r i v a l  t i m e .  'Ihis mode would be used 
when time-based metering is n o t  being used. 

The second mode w a s  designed f o r  time-metered ope ra t ions .  In  t h i s  mode, i n s t e a d  
of spec i fy ing  t h e  FI/CAS descen t  schedule ,  t h e  p i l o t  e n t e r s  t h e  t i m e  t h a t  t he  e n t r y  
f i x  w a s  c ros sed  and t h e  meter ing-f ix  a r r i v a l  t i m e  a s s igned  by ATC. The descen t  
p r o f i l e  i s  then c a l c u l a t e d  based on an M/CAS descen t  schedule ,  computed through an  
i t e r a t i v e  p rocess ,  t h a t  w i l l  c l o s e l y  s a t i s f y  t h e  c r o s s i n g  t i m e s  a t  both of t hese  way 
p o i n t s .  

During t h e  p r o f i l e  descen t  computations i n  t h e  time-metered mode, checks are 
made t o  ensure t h a t  t h e  descen t  Mach number ( M d )  and t h e  descen t  c a l i b r a t e d  a i r s p e e d  
(CASd) are w i t h i n  t h e  minimum and maximum speed l i m i t s  f o r  t h e  p a r t i c u l a r  a i r p l a n e  
modeled. For t h e  T-39A a i r p l a n e ,  t hese  l i m i t s  w e r e  

0.55 < M < 0.75 
d 

180 < CAS < 350 
d 

[knots  1 

There w a s  an a d d i t i o n a l  c o n s t r a i n t  t h a t  
which the a i r p l a n e  w a s  to  c r o s s  the  metering f i x ,  so t h a t  e x t r a  f u e l  would n o t  be 
r e q u i r e d  t o  subsequent ly  i n c r e a s e  a i r speed .  If t h e  ATC-assigned meter ing-f ix  c r o s s -  
i ng  t i m e  r e q u i r e s  a descen t  speed less than t h e  a i r p l a n e ' s  minimum descen t  speed 
l i m i t ,  t h e  p r o f i l e  is  computed based on t h e  minimum a l lowab le  descen t  speeds and a 
message is d i sp layed  t o  the  p i l o t  t o  "hold" ( d e l a y )  f o r  an a p p r o p r i a t e  amount of 
t i m e .  A s imilar " la te"  message is  d i sp layed  with t h e  t i m e  e r r o r  i f  a descen t  speed 
schedule g r e a t e r  than the maximum allowed i s  r equ i r ed .  

CASd would n o t  be less than the  a i r s p e e d  a t  

Logic Flow of P r o f i l e  Descent Algorithm 

Figure 2 shows the  l o q i c  flow of the p r o f i l e  descen t  computations. P i l o t  i n p u t s  
used t o  compute t h e  p r o f i l e  may be en te red  p r i o r  t o  f l i g h t  and modified, as r equ i r ed ,  
p r i o r  t o  the  descent .  These parameters i nc lude  c r u i s e  a l t i t u d e  and Mach number, a i r -  
p l ane  g ross  weight, o u t s i d e  a i r  temperature,  e n t r y - f i x  and meter ing-f ix  d e s c r i p t i o n s ,  
and the  course d i r e c t i o n  t o  t h e  metering f i x .  In  a d d i t i o n  t o  these  parameters,  t h e  
p i l o t  may e n t e r  e i t h e r  a p a r t i c u l a r  Mach number and c a l i b r a t e d  a i r s p e e d  t o  he used 
during the  descent  o r  the e n t r y - f i x  c r o s s i n g  t i m e  and t h e  ATC-assigned meter ing-f ix  
c r o s s i n g  t i m e .  

I f  t h e  M/CAS descen t  speed schedule has been e n t e r e d  i n  t h e  c a l c u l a t o r ,  t h e  
computations w i l l  be based .on a nonmetered t r a f f i c  environment. The p i l o t  i n i t i a t e s  
t h e  computations by pushing t h e  "compute" key. 'Ihe d e s c e n t  p r o f i l e  is  then computed 
i n  a s i n g l e  i t e r a t i o n ,  and the  d i s p l a y  g ives  the  p o i n t  where t h r u s t  should be reduced 
t o  f l i g h t  i d l e  t o  s ta r t  t h e  descent .  
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If t h e  e n t r y - f i x  c r o s s i n g  t i m e  and t h e  ATC-assigned meter ing-f ix  c r o s s i n g  t i m e  
have been en te red  i n  t he  c a l c u l a t o r ,  t h e  t i m e  r equ i r ed  t o  f l y  between t h e  f i x e s  
w i l l  be computed and subsequent c a l c u l a t i o n s  w i l l  be based on a time-metered t r a f f i c  
environment. Once t h e  p i l o t  has  i n i t i a t e d  t h e  computations by pushing the  "compute" 
key, an i t e r a t i v e  p rocess  i s  s t a r t e d  to  determine an  a p p r o p r i a t e  M/CAS descen t  speed 
schedule t h a t  w i l l  s a t i s f y  t h e  t i m e  c o n s t r a i n t s .  

A t r e q  

7 
A t  - C A t j  

req j = 1  

The i t e r a t i v e  p rocess  starts with t h e  computation of an i n i t i a l  M/CAS descen t  

< tE 

requ i red  t o  f l y  between 7 speed schedule and t h e  a s s o c i a t e d  t i m e  

the  e n t r y  and metering f i x e s  a t  those speeds. To reduce t h e  number of i t e r a t i o n s  
r equ i r ed  t o  s a t i s f y  t h e  t i m e  convergence c r i te r ia ,  t h e  i n i t i a l  descen t  speed schedule  
chosen is s l i g h t l y  less than t h e  midpoint between the  maximum and minimum speeds 
allowed f o r  t h e  descen t ,  as shown i n  t h e  fol lowing equat ions:  

( Cj=, A t j  )initial 

= M  + 0.45(M - M  1 d , i n i t i a l  d, min d,max d,min M 

= CAS + 0.45(CAS - CAS 1 d, min d,max d,min CAS 
d ,  i n i t i a l  

where 

= [or  CAS^^ 
CASd ,min 

180 knots  

whichever i s  g r e a t e s t .  

A check is  made with the  fol lowing t r a n s i t i o n - t i m e  i n e q u a l i t y  t o  determine i f  
t he  time-convergence cr i ter ia  tE has been s a t i s f i e d .  (For t h e  purposes of t h e s e  
tests, % = 5 sec.) 

where 

I f  t h i s  i n e q u a l i t y  is  s a t i s f i e d ,  t h e  computations are complete and t h e  i d l e - t h r u s t  
descen t  p o i n t  is  d i sp layed  t o  t h e  p i l o t .  If t h e  i n e q u a l i t y  is  n o t  s a t i s f i e d ,  a 
r e v i s e d  M/CAS descen t  speed schedule  and t h e  a s s o c i a t e d  descen t  t i m e  w i l l  be com- 
puted. This p rocess  w i l l  be repeated u n t i l  t h e  t i m e  i n e q u a l i t y  is s a t i s f i e d .  
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The computation of t h e  r ev i sed  M/CAS schedule ,  g r a p h i c a l l y  dep ic t ed  i n  f i g -  
u re  3, shows a p l o t  of t he  t i m e  r equ i r ed  t o  f l y  between a s p e c i f i e d  e n t r y  f i x  and 
t h e  meter ing f i x  f o r  t h e  complete speed range of t h e  a i r p l a n e .  The M/CAS descent  
speed schedule  is  rev i sed  through a l i n e a r  i n t e r p o l a t i o n  of t h e  d e s i r e d  
w i t h i n  a range of time bounded by a computed upper and l o w e r  value.  %e lower value 

of t h e  t i m e  range 

t h e  descen t  on t h e  l a s t  i t e r a t i o n  ( i - 1 ) .  The upper va lue  of t h e  t i m e  range 

(Ij=, A t j I f i x e d  

puted f o r  t he  descent  based on one of t he  fo l lowing  descen t  speed schedules:  

lltreq 

i s  v a r i a b l e  and equa l  t o  t h e  t i m e  computed f o r  7 
(Cj,l A t j ) i - l  

7 i s  f i x e d  f o r  t h e  i t e r a t i o n  process  and equa l  t o  t h e  t i m e  com- 

= M  Md , f ixed  d , i n i t i a l  
}if A t  <( 5 ) Atj i n i t i a l  CASd,f ixed - C A S d , i n i t i a l  r eq  j=1 

- 

or 

M = M  

CASd, f i x e d  , min 
drmin ) i f  A t  >( ) d, f i x e d  

= CASd r eq  j=1  Atj i n i t i a l  

An i n t e r p o l a t i o n  f a c t o r  K i s  then computed f o r  use i n  r e v i s i n g  t h e  M/CAS descent  
speed schedule  

The M/CAS descent  schedule  i s  then r ev i sed  a s  fol lows:  

- M  1 - - - K(Md,  i - 1  d ,  f i x e d  M d , i  Md, i - l  

1 - - K(CASd, i - l  CASd, f i x e d  
- 

CASd,i  - CASd,i-l 

where i is t h e  i t h  i t e r a t i o n .  

Empir ical  Representa t ion  of Airplane Performance Char c t e r i  t i c s  

Computer memory l i m i t a t i o n s  wi th in  t h e  programmable c a l c u l a t o r  prec lude  t h e  use  
of  d e t a i l e d  aerodynamic and performance t a b l e s  t o  r e p r e s e n t  t h e  a i r p l a n e  f o r  p r o f i l e  
descen t  c a l c u l a t i o n s .  In s t ead ,  an empir ica l  model of t h e  performance of t h e  T-39A 
tes t  a i r p l a n e  was developed. The gene r i c  form of t h e  equa t ions  t h a t  w e r e  needed t o .  
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develop t h e  e m p i r i c a l  model w a s  f i r s t  determined from s imula to r  and f l i g h t  tes t  d a t a  
of a B-737 a i r p l a n e  ( r e f .  5). Actual f l i g h t  tes t  d a t a  generated with t h e  T-39A tes t  
a i r p l a n e  execu t ing  i d l e - t h r u s t  clean-configured c o n s t a n t  M/CAS descen t s  and l e v e l -  
f l i g h t  speed r educ t ions  w e r e  then used t o  determine t h e  s p e c i f i c  numerical  c o n s t a n t s  
and parameters used f o r  t h e  performance models. 

The mathematical  model r e p r e s e n t i n g  t h e  v e r t i c a l  speed of t h e  a i r p l a n e  du r ing  
t h e  c o n s t a n t  Mach p o r t i o n  of t h e  descen t  w a s  developed based on t h e  descen t  rate 

changing l i n e a r l y  wi th  dec reas ing  a l t i t u d e .  The s l o p e  (2) 
s e n t a t i o n  depends upon t h e  magnitude of t h e  descen t  Mach number. The form of t h i s  

c 

of t h i s  l i n e a r  r ep re -  

Md 

model i s  i n  which b i s  t h e  magnitude of h a t  sea l e v e l .  The 

c o e f f i c i e n t s  of t h e  model w e r e  de r ived  from a l t i t u d e  and t i m e  d a t a  recorded f o r  
c o n s t a n t  Mach descen t s  ranging from 0.55 t o  0.75 i n  0.05 increments.  The a l t i t u d e  
d a t a  f o r  each d e s c e n t  w e r e  smoothed by computing a q u a d r a t i c  equat ion of a l t i t u d e  as  
a f u n c t i o n  of t i m e .  Figure 4 shows a t y p i c a l  se t  of d a t a  and t h e  r e s u l t i n g  curve f i t  
f o r  a corts tant  Mach d e s c e n t  of 0.55. The q u a d r a t i c  equa t ion  w a s  d i f f e r e n t i a t e d  t o  
o b t a i n  h so t h a t  v e r t i c a l  speed could be modeled as a f u n c t i o n  of a l t i t u d e .  Fig- 
u r e  5 shows a family of curves  of v e r t i c a l  speed performance de r ived  from t h e  d a t a  
recorded on t h e  T-39A a i r p l a n e .  It w a s  observed t h a t  each of t h e  l i n e a r i z e d  c o n s t a n t  
Yach l i n e s  passed through a common p o i n t  a t  an a l t i t u d e  of 45 000 f t  and a t  
h = 7 f t / s e c .  This r e l a t i o n s h i p  allowed b t o  be de r ived  and r e s u l t e d  i n  t h e  f o l -  
lowing equa t ion  f o r  h: 

speed performance of t h e  T-39A a i r p l a n e  (Gross weight = 15 500 l b )  as a f u n c t i o n  o f  
Mach number. A quadra t i c - r eg res s ion  a n a l y s i s  w a s  used t o  o b t a i n  t h e  c o e f f i c i e n t s  f o r  

t h e  fo l lowing  equa t ion  f o r  t h e  v a r i a t i o n  of 
Mach number: 

as a f u n c t i o n  of t h e  d e s c e n t  

d 

A0 = 0.019371 

A, = -0.063457 

A2 = 0.062420 

[ ( f t / s e c ) / f t l  

A s i m i l a r  d e r i v a t i o n  w a s  used t o  o b t a i n  a f u n c t i o n  of a l t i t u d e  rate f o r  t h e  
c o n s t a n t  c a l i b r a t e d - a i r s p e e d  descents .  It w a s  observed t h a t  h w a s  approximately 
c o n s t a n t  a t  a l l  a l t i t u d e s  f o r  a given c a l i b r a t e d  a i r s p e e d ,  b u t  decreased as a 
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func t ion  of a i r speed .  The magnitudes of t h e  v e r t i c a l  speeds obtained from t h e  f l i g h t  
test  d a t a  and a plot  of t h e  l i n e a r i z e d  model r e p r e s e n t i n g  the d a t a  are shown i n  
figure 7. %e equa t ion  of t h i s  model i s  

= -0.4624 CASd + 66.68 
hCASd 

[ft/secl 

The e f f e c t s  of gross-weight v a r i a t i o n s  on t h e  a i r p l a n e  descen t  performance w e r e  
accounted f o r  with one m u l t i p l i c a t i o n  f a c t o r  t o  be a p p l i e d  t o  a l t i t u d e  rate 

hCASd 

v a r i a t i o n  with a l t i t u d e  (g) 
d e s c e n t  performance as a f u n c t i o n  of g ross  weight w a s  used f o r  t h e  P39A a i r p l a n e  
based on a nondimensionalized-linear-variation model f o r  t h e  B-737 a i r p l a n e .  The 
gross-weight-var ia t ion model f o r  t h e  T-39A a i r p l a n e  w a s  normalized about  a g ross  
weight of 15 500 lb .  The fol lowing equat ions d e f i n e  t h e  m u l t i p l i c a t i o n  f a c t o r s  f o r  
t h e  T-39A a i r p l a n e :  

fo r  c o n s t a n t  CAS descen t s  and another  t o  be a p p l i e d  t o  t h e  a l t i t u d e - r a t e  

f o r  c o n s t a n t  Mach descen t s .  A l i n e a r  v a r i a t i o n  of 

Md 

+ 1.318697 15 500 = -0.318697 

GW + 1.9207 15 500 = -0.9207 Kdh./dh 

(Constant  CAS) 

(Cons tan t  Mach) 

Dece le ra t ion  performance data w e r e  obtained f o r  i d l e - t h r u s t  clean-configured 
speed r educ t ions  on l e v e l  f l i g h t  pa ths  f o r  t y p i c a l  c r u i s e  and metering-fix 
a l t i t u d e s .  C a l i b r a t e d  a i r s p e e d  and t i m e  d a t a  w e r e  recorded when t h e  P39A a i r p l a n e  
w a s  slowed from i ts  maximum o p e r a t i n g  speed ( M  = 0.75 a t  h = 30 000 f t  and 
CAS = 350 knots  a t  10 000 f t )  t o  i t s  minimum o p e r a t i n g  speed ( M  = 0.55 a t  
h = 30 000 f t  and CAS = 180 kno t s  a t  10 000 f t ) .  The Mach numbers and t h e  
c a l i b r a t e d  a i r s p e e d s  w e r e  converted t o  t r u e  a i r s p e e d s  t o  reduce computational 
requirements w i th in  the  descen t  a lgori thm. Figures 8 and 9 show l i n e a r  
r e p r e s e n t a t i o n s  of t h e s e  d a t a  f o r  c r u i s e  a l t i t u d e  and meter ing-f ix  a l t i t u d e ,  
r e s p e c t i v e l y .  The magnitudes of t h e  a c c e l e r a t i o n s  are s l o p e s  of t hese  l i n e a r  
r e p r e s e n t a t i o n s  and are equa l  t o  

xc = -1.1 2 knots /sec (h = 30 000 f t )  

x = -1.92 knots /sec (h = 10 000 f t )  

Approximation of True Airspeed 

It i s  necessary to  determine t r u e  a i r s p e e d  from both Mach number and c a l i b r a t e d  
a i r speed ,  as r equ i r ed  by t h e  pa th  segment, so t h a t  a head-wind component can be added 
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t o  o b t a i n  ground speed f o r  t i m e  c a l c u l a t i o n s .  True a i r speed ,  as a f u n c t i o n  of Mach 
number and s ta t ic  a i r  temperature Tst, W a s  r ep resen ted  by the fol lowing equat ion:  

TAS = 29.04(Tst)’l2 M [knots  1 

True a i r speed ,  as a func t ion  of c a l i b r a t e d  a i r s p e e d  and a l t i t u d e  h,  w a s  approx- 
imated as 

CAS 
TAS = 

I - (0.12 x  IO-^)^ 
h < 35 000 f t  

180 < CAS < 350 knots  [kno t s l  

Wind Modeling Technique 

A two-component l i n e a r  wind model w a s  used t o  r e p r e s e n t  t h e  wind speed and t h e  
wind d i r e c t i o n  as f u n c t i o n s  of a l t i t u d e .  The c o e f f i c i e n t s  of t h e  wind model w e r e  
determined by a l i n e a r  r e g r e s s i o n  a n a l y s i s  of t h e  winds a l o f t  f o r e c a s t  f o r  t h e  t es t  
area and en te red  i n t o  t h e  c a l c u l a t o r  memory p r i o r  t o  each f l i g h t .  The magnitude of 
t he  wind speed and t h e  d i r e c t i o n  of t h e  wind w e r e  computed with t h e  fol lowing equa- 
t i o n s  f o r  each segment of t h e  p r o f i l e  based on t h e  middle a l t i t u d e  OP each segment: 

- - h + S  
S w,h - (2) w , s  

D w,h = ( . ) h  + Dwrs 

The head-wind component f o r  each segment w a s  
speed and d i r e c t i o n  with t h e  qround t r a c k  of 
equat ion : 

[knots  1 

[degl 

determined by combining t h e  segment wind 
the  a i r p l a n e  as shown i n  t h e  fo l lowing  

[knots  1 

Compensation f o r  E f f e c t s  of Nonstandard Atmospheric Temperature 

Various f l i g h t  i n s t rumen t s ,  i nc lud ing  t h e  Mach m e t e r ,  t h e  a i r s p e e d  i n d i c a t o r ,  
and the  altimeter, are designed to  d i s p l a y  correct i n d i c a t i o n s  i n  a s t anda rd  atmo- 
sphere.  However, s t a n d a r d  atmospheric cond i t ions  are r a r e l y  encountered. This 
r e s u l t s  i n  s l i g h t  errors i n  i n d i c a t e d  a l t i t u d e  and speed. The p r o f i l e  descen t  a lgo-  
ri thm compensates f o r  nonstandard temperatures  as they a f f e c t  t h e  Mach number calcu-  
l a t i o n s  and altimeter i n d i c a t i o n s .  

A l i n e a r  model w a s  used t o  d e f i n e  atmospheric temperature as a €unct ion of a l t i -  
tude. me l i n e a r  model u ses  a s l o p e  equa l  t o  a temperature-lapse rate of 
-3.566 x O R / f t .  The model i s  completely de f ined  with t h e  s ta t ic  a i r  temperature 
measured a t  c r u i s e  a l t i t u d e  and en te red  by t h e  p i l o t .  S t a t i c  temperature r e q u i r e d  
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for conversion of Mach number to  t r u e  a i r s p e e d  can then  be determined f o r  any a l t i -  
tude h by 

Tst - - T s t , C  - (3.566 x (h - h c )  

P r e s s u r e  a l t i t u d e s  hp used t o  d e f i n e  t h e  end p o i n t s  of each segment are cor- 
r e c t e d  t o  g e o p o t e n t i a l  a l t i t u d e s  by mul t ip ly ing  t h e  p r e s s u r e  a l t i t u d e  by a tempera- 
t u r e  r a t i o  of nonstandard and s t anda rd  s e a - l e v e l  temperatures  as fol lows:  

= h ( T ' / T ~ )  
hGP p 0 

[ f t l  

The s t anda rd  sea - l eve l  temperature To i s  518.688OR; t h e  nonstandard s e a - l e v e l  
temper a t u r  e T; i s  computed from t h e  s t a t i c - t e m p e r a t u r e  model f o r  h = 0. 

Computations of Descent Path 

The p o i n t  where t h e  p i l o t  is  t o  reduce power t o  i d l e  t h r u s t  to  s ta r t  t h e  d e s c e n t  
w a s  de f ined  by summing t h e  d i s t a n c e s  r equ i r ed  t o  f l y  segments 1 t o  6. Each segment 
l eng th  w a s  determined by f i r s t  computing t h e  r equ i r ed  t i m e  t o  t r a v e r s e  the  segment 
and then mul t ip ly ing  by the  average ground speed computed f o r  t h e  segment. Times f o r  
t he  l e v e l - f l i g h t  segments r e q u i r i n g  a i r speed  o r  Mach r e d u c t i o n s  w e r e  determined by 
d i v i d i n g  t h e  r equ i r ed  speed change by the  d e c e l e r a t i o n  c a p a b i l i t y  of t h e  a i r p l a n e .  
T imes  f o r  t h e  pa th  segments r e q u i r i n g  descen t s  w e r e  determined by d i v i d i n g  t h e  
r equ i r ed  a l t i t u d e  chanqe by t h e  average ra te  of descen t  computed from t h e  a i r p l a n e  
performance model. The average ground speed a t  which t h e  a i r p l a n e  w a s  to  f l y  each 
segment w a s  determined by summinq t h e  computed t r u e  a i r s p e e d  and t h e  head-wind compo- 
nent  evaluated f o r  each segment. 

The c r u i s e  segment (segment 7) a t  a l e v e l  f l i g h t  and a c o n s t a n t  Mach number had 
no in f luence  on the  l o c a t i o n  of t h e  p o i n t  where i d l e  t h r u s t  w a s  to  begin. This seg- 
ment w a s  s i g n i f i c a n t  only during t h e  time-metered mode and w a s  used f o r  t h e  c a l c u l a -  
t i o n s  t o  s a t i s f y  t h e  t i m e  c o n s t r a i n t s .  Segments 2 and 3 w e r e  computed only i f  t h e  
ATC-imposed l i m i t  of 250 knots c a l i b r a t e d  a i r s p e e d  f o r  f l i g h t  below 10 000 f t  MSL w a s  
app l i cab le .  The d e t a i l s  of t hese  c a l c u l a t i o n s  are p resen ted  i n  t h e  fol lowing 
paragraphs.  

M/CAS t r a n s i t i o n  a l t i t u d e . -  As t h e  a i r p l a n e  descends a t  a c o n s t a n t  Mach number, 
t h e  c a l i b r a t e d  a i r s p e e d  i n c r e a s e s  because of an  i n c r e a s e  i n  t h e  a i r  p re s su re .  The 
a l t i t u d e  a t  which t h e  d e s i r e d  descen t  c a l i b r a t e d  a i r s p e e d  is ob ta ined  i s  c a l l e d  t h e  
M/CAS t r a n s i t i o n  a l t i t u d e  and d e f i n e s  t h e  p o i n t  a t  which t h e  c o n s t a n t  Mach segment 
ends and t h e  c o n s t a n t  CAS segment begins.  The g e n e r a l  equa t ion  f o r  t h i s  t r a n s i t i o n  
a l t i t u d e  w a s  determined by equa t ing  t r u e  a i r s p e e d  as a f u n c t i o n  of c a l i b r a t e d  a i r -  
speed and a l t i t u d e  with t r u e  a i r speed  as a f u n c t i o n  of Mach number and a l t i t u d e .  
Solving f o r  a l t i t u d e  r e s u l t s  i n  t h e  fol lowing equa t ion  t o  d e f i n e  t h e  a l t i t u d e  f o r  
t r a n s i t i o n  of Mach t o  c a l i b r a t e d  a i r speed  
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6. 

Segment 1.- Segment 1 i s  a l e v e l - f l i g h t  segment on which the a i r p l a n e  i s  slowed 
f r o m  the descen t  c a l i b r a t e d  a i r speed  (or 250 knots  i f  segments 2 and 3 are computed) 
t o  the meter ing-f ix  c r o s s i n g  speed. If t h e  descen t  speed and t h e  meter ing-f ix  
c r o s s i n g  speeds are t h e  s a m e ,  t h i s  segment is n o t  computed. 

The equa t ions  fo r  t i m e  and l e n g t h  i n  segment 1 are 

.. 
0 where x = -1.92 knots /sec,  and 

(CASd + CASMF)/2 

H,hMF 3600 I’ A i l  =[  ~~ - w  
1 - (0.12 w4) hMF 

[ s e c l  

[n . m i .  1 

Segment 2.- Segment 2 is  an i d l e - t h r u s t  descen t  flown a t  a cons t an t  250 knots  
from 10 000 f t  MSL t o  t h e  meter ing-f ix  a l t i t u d e .  Segment 2 is  n o t  computed i f  t h e  
meter ing-f ix  a l t i t u d e  is  equa l  t o  or g r e a t e r  than  10 000 f t  MSL or i f  t h e  descent  
speed CASd flown on segment 4 i s  250 knots  o r  less. 

The equa t ions  f o r  t i m e  and l eng th  i n  segment 2 a r e  

(hMF - I O  000) 
[ sec l  - - 

At2 %(-48.915) 

< = -48.915 ft /sec a t  CASd = 250 knots ,  and 

[n.mi.l 
H ,  (1 0 

Ai2  = [ . _ = _ _ _  ~ - . _ _ _ .  ~ 250 ~ . ~-~ 

1 - (0.12 

Segment 3.- Segment 3 i s  a l e v e l - f l i g h t  segment on which t h e  a i r p l a n e  is  slowed 
from t h e  descen t  speed CASd to  250 knots .  Segment 3 computations are made only  i f  
segment 2 is  computed. 

The equa t ions  f o r  t i m e  and l eng th  i n  segment 3 are 

(250 - CASd) 

x [ l  - (0.12 x 10-4)h] 
- - At3 tsecl 

.. 
w h e r e  x = -1.92 knots / sec ,  and h = 10 000 f t  

(CASa + 250)/2 - 
- (0.12  IO-^)^ 

Cn.mi.1 
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Segment 4.- Segment 4 i s  an i d l e - t h r u s t  d e s c e n t  flown a t  a c o n s t a n t  c a l i b r a t e d  
a i r s p e e d  CASd. The descen t  begins  a t  t h e  t r a n s i t i o n  a l t i t u d e  hXO and ends a t  t h e  
meter ing-f ix  a l t i t u d e  ( o r  a t  10 000 f t  MSL, i f  segments 2 and 3 are computed). 

The equa t ions  f o r  the t i m e  and l eng th  of segment 4 are 

- - 
At4 %(-0.4624 CASd + 66.68) [secl 

and 

CASd 
rn.mi.1 H, (hxo+h)/2 3600 I ”  - w  

where 

i f  segments 2 and 3 are n o t  computed 
h =(”‘ 

10 000 f t ,  i f  segments 2 and 3 are computed 

Segment 5.- Segment 5 is  a c o n s t a n t  Mach descen t  flown a t  i d l e - t h r u s t  power 
s e t t i n g s .  The c o n s t a n t  Mach segment i s  desc r ibed  by a f i r s t - o r d e r  d i f f e r e n t i a l  equa- 
t i o n  of t h e  form 

h’ + K h + K  = O  
1 2 

This  equat ion r e s u l t s  d i r e c t l y  from the  a l t i t u d e - r a t e  r e l a t i o n s h i p  f o r  c o n s t a n t  Mach- 
number descen t s  p rev ious ly  discussed.  The r e s u l t i n g  t i m e  and d i s t a n c e  r e l a t i o n s  are 

and 

M - W 3% 
A I5 d H,(hc+hXo)/2 3600 [n . m i .  1 

where - K ~  
Mach number, c o r r e c t e d  f o r  gross-weight e f f e c t s  with t h e  m u l t i p l i c a t i o n  f a c t o r  
K 

is  the  change i n  a l t i t u d e  rate with a l t i t u d e  eva lua ted  a t  the  d e s c e n t  

as fol lows:  
dh’/dh 

K, = - 

and K~ i s  given by t h e  fol lowing empi r i ca l  r e l a t i o n :  

K 2  = 7 - 45 OOOKl [ f  t/secl 
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The s ta t ic  temperature Tst t5  and t h e  head-wind component are eva lua ted  a t  t h e  
average a l t i t u d e  between the  c r u i s e  and t r a n s i t i o n  a l t i t u d e s .  

Segment 6.- Segment 6 is a l e v e l - f l i g h t  speed change from t h e  c r u i s e  Mach number 
t o  the  descen t  Mach number. I f  t he  c r u i s e  and descen t  Mach numbers are t h e  same, 
t h i s  segment is  n o t  computed. The equa t ions  f o r  t i m e  and l eng th  of segment 6 are 

[sec 1 

.. 
k where xc = -1.12 knots /sec,  and 

)1/2 'Mc -+ Md' 
2 fn.mi.1 

Segment 7.- Segment 7 i s  t h e  remaining p a t h  between t h e  e n t r y  f i x  and t h e  begin- 

and t h e  sum of the  d i s t a n c e s  of t h e  
n ing  of segment 6. The l eng th  of segment 7 i s  t h e  d i f f e r e n c e  between t h e  t o t a l  d i s -  
tance between the  e n t r y  f i x  and metering f i x  
remaining s i x  segments. The l eng th  i s  given as follows: 't 

[n.mi. 1 

Segment 7 t i m e  A t 7  i s  found by d i v i d i n g  t h e  d i s t a n c e  t o  be flown by t h e  ground 
speed, as follows: 

3600 A i q  
I A t  = - ~- 

29.04(T Mc - W 
S t , C  H, hc 

[secl 

Inpu t/Ou tpu t Requirements 

D a t a  r equ i r ed  f o r  t he  p r o f i l e  descen t  equat ions are obtained from the  prepro-  
grammed c a l c u l a t o r  memory and from p i l o t  e n t r i e s  through t h e  keyboard shown i n  
f i g u r e  IO. Though a l l  d a t a  necessary t o  compute the  descen t  may be en te red  p r i o r  t o  
t a k e o f f ,  some o p e r a t i o n a l  parameters such as c r u i s e  a l t i t u d e ,  speed, g ross  weight,  
temperatures,  and e n t r y - f i x  and meter ing-f ix  a r r i v a l  t i m e s  may be r equ i r ed  t o  be 
updated during t h e  f l i g h t  t o  o b t a i n  more a c c u r a t e  r e s u l t s .  E n t r i e s  normally made 
p r i o r  t o  takeoff  i nc lude  t h e  performance c o n s t a n t s  f o r  t h e  a i r p l a n e  being flown and 
t h e  wind model. Airplane performance d a t a  are normally en te red  au tomat i ca l ly  through 
a magnetic-card r eade r ,  b u t  can be en te red  manually through t h e  keyboard. The wind- 
model c o e f f i c i e n t s  must be en te red  i n t o  t h e  proper  memory l o c a t i o n s  v i a  t h e  keyboard. 

Operat ional  parameters a f f e c t e d  by ATC c o n s t r a i n t s  or p i l o t  d e s i r e s ,  and n o t  
a c c u r a t e l y  known u n t i l  p r i o r  to  t h e  s t a r t  of descen t ,  w e r e  designed t o  be s ingle-key 
inpu t s .  To e n t e r  those d a t a ,  t h e  p i l o t  would p r e s s  t h e  p a r t i c u l a r  key ded ica t ed  t o  
t h e  parameter t o  be changed. After t h e  key has  been pressed,  t h e  d i s p l a y  w i l l  show 
the  name of t h e  parameter and i t s  c u r r e n t  value s t o r e d  i n  t h e  c a l c u l a t o r .  Another 
numerical  va lue  may be keyed on t h e  d i s p l a y  and then  s t o r e d  i n  t h e  proper memory loca-  
t i o n  by simply p r e s s i n g  t h e  "New Entry" key. I f  t h e  c u r r e n t  value shown is  s a t i s f a c -  
t o r y ,  no more keyboard a c t i o n s  would be r equ i r ed  f o r  t h a t  parameter. 
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The o p e r a t i o n a l  parameters may be i n s e r t e d  i n  any o rde r ,  o r  may be changed a t  
any t i m e  p r i o r  t o  i n i t i a t i n g  t h e  descen t  c a l c u l a t i o n s .  When t h e  magnitudes of t h e  
parameters  are s a t i s f a c t o r y  to  t h e  p i l o t ,  he may s t a r t  t h e  p r o f i l e  descen t  computa- 
t i o n s  by p r e s s i n g  t h e  "compute" key. Computations t y p i c a l l y  r e q u i r e  less than 2 min 
f o r  completion i n  the  time-metered mode of ope ra t ion  and approximately 25 sec i n  t h e  
nonmetered mode. 

Opera t iona l  parameters t o  be e n t e r e d  through s ingle-key i n p u t s  and t h e i r  symbol- 
ogy as p resen ted  on the  keyboard and the  d i s p l a y ,  are as fo l lows :  

Keyboard 
symbology 

Cru i se  M 

Cruise  H 

Descent M 

Descent CAS 

Time MF 

T ime  EF 

Gw 

OAT 

MF H 

MF CAS 

MF DME 

EF  DME 

HD 

-. - 

Display 
;ymbology 

M c  

H c  

Md 

CASd 

MF TM 

EF TM 

Gw 

OAT F 

H M F  

CAS M F  

M F  DME 

EF DME 

TFX 

. .  

Opera t iona l  parameter 

Cru i se  Mach number 

Cruise  a l t i t u d e ,  f t  

Descent Mach number 

Descent c a l i b r a t e d  a i r s p e e d ,  k n o t s  

Time ass igned by ATC t o  c r o s s  metering f i x ,  
h r  :min:sec 

Time t o  c r o s s  e n t r y  f i x ,  hr:min:sec 

Airplane g ross  weight a t  t o p  of descent ,  l b  

S t a t i c  o u t s i d e  a i r  temperature ,  O F  

Crossing a l t i t u d e  a t  meter ing f i x ,  f t  

C a l i b r a t e d  a i r s p e e d  t o  c r o s s  meter ing f i x ,  knots 

DME i n d i c a t i o n  d e f i n i n g  meter ing-f ix  l o c a t i o n ,  
n.mi. 

DME i n d i c a t i o n  d e f i n i n g  e n t r y - f i x  l o c a t i o n  - t h i s  
mileage must be r e l a t i v e  t o  same DME s t a t i o n  
used t o  d e f i n e  meter ing f i x ,  n.mi. 

Magnetic ground t r a c k  from e n t r y  f i x  t o  metering 
f i x ,  deg 

~- . , ..... . . . .. . . .. . . . ~ ~ . ... .--.- ,.*- ." .. -. _. . . .. ,- -. . 

I f  t h e  descen t  speed schedule  has been s p e c i f i e d ,  t h e  e n t r y - f i x  and metering-fix 
c r o s s i n g  t i m e s  must remain unassigned. I f  t hese  t i m e s  are s p e c i f i e d  through t h e  
keyboard, t h e  proper descen t  speed schedule w i l l  be computed and s t o r e d  i n  the  cor- 
rect  memory l o c a t i o n  f o r  recall by t h e  p i l o t .  

When the  computations are completed, t he  d i s p l a y  w i l l  normally show t h e  DME 
i n d i c a t i o n  where t h r u s t  should be reduced t o  f l i g h t  i d l e  f o r  t he  descen t  t o  the 
metering f i x .  If the  assigned meter ing-f ix  c r o s s i n g  t i m e  cannot  be a t t a i n e d  i n  t h e  
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time-metered mode because of a i r p l a n e  o p e r a t i o n a l  speed l i m i t a t i o n s ,  a message w i l l  
be d i sp layed  i n d i c a t i n g  t h e  amount of t i m e  r equ i r ed  t o  d e l a y  (ho ld )  be fo re  s t a r t i n g  
t h e  descen t  or t h e  amount of t i m e  t h a t  t h e  a i r p l a n e  w i l l  a r r i v e  late a t  t h e  metering 
f i x .  

A f t e r  t h e  p r o f i l e  descen t  computations have been completed, t h e  value of any 
o p e r a t i o n a l  parameters, inc lud ing  those r equ i r ed  f o r  i n p u t ,  may be d i sp layed  by 
p r e s s i n g  t h e  p a r t i c u l a r  des igna ted  key on t h e  keyboard. Parameters t h a t  may be d i s -  
played a f t e r  t h e  descen t  computations, and t h e i r  des igna ted  names, are: 

Keyboard 
symbology 

Descent M 

Descent CAS 

I d l e  DME 

Late 

Ea r ly  

. . . .  

. . . . . .  

Display 
symbology 

1 .  

Md 

CASd 

I D L  

LATE 

HOLD 

, .  . 

The o b j e c t i v e s  of t he  

. . . . . . . . . . .  - 

Operat ional  parameter 

Descent Mach number r equ i r ed  t o  s a t i s f y  e n t r y - f i x  
and metering-fix t i m e  c o n s t r a i n t s  

Descent c a l i b r a t e d  a i r s p e e d  r equ i r ed  t o  s a t i s f y  
e n t r y - f i x  and meter ing-f ix  t i m e  c o n s t r a i n t s ,  
kno t s  

DME i n d i c a t i o n  showing p o i n t  where t h r u s t  should 
be reduced t o  f l i g h t  i d l e ,  n.mi. 

Amount of t i m e  t h a t  a i r p l a n e  w i l l  be l a te  
c r o s s i n g  metering f i x ,  min:sec 

Amount of t i m e  t h a t  a i r p l a n e  must de l ay  before  
s t a r t i n g  descen t  i f  crossing-t ime c o n s t r a i n t  
a t  metering f i x  is  t o  be s a t i s f i e d ,  min:sec 

. . . . . . . . .  - I . .  

TEST OBJECTIVES 

f l i g h t  tests w e r e  ( 1 )  t o  document the  d i f f e r e n c e  between 
the  p r e d i c t e d  and a c t u a l  t i m e  and d i s t a n c e  r equ i r ed  t o  o b t a i n  the  a i r speed  and a l t i -  
tude f o r  c r o s s i n g  t h e  metering f i x ,  (2) t o  determine t h e  f e a s i b i l i t y  of using conven- 
t i o n a l  f l i g h t  i n s t rumen ta t ion  f o r  open-loop p i d a n c e  t o  f l y  a fue l - conse rva t ive  
descent ,  and ( 3 )  t o  o b t a i n  an understanding of t he  a d d i t i o n a l  workload r equ i r ed  t o  
e n t e r  t h e  necessary parameters i n t o  t h e  c a l c u l a t o r  i n  a f l i g h t  environment. These 
o b j e c t i v e s  w e r e  achieved by usinq s u b j e c t i v e  d a t a  i n  t h e  form of p i l o t  and c o p i l o t  
comments and q u a n t i t a t i v e  d a t a  i n  t h e  form of t i m e ,  speed, and a l t i t u d e  d a t a  recorded 
wi th  a voice r eco rde r  du r ing  t h e  tes t  f l i g h t .  

DESCRIPTION OF AIRPLANE AND COCKPIT INSTRUMENTATION 

The tes t  veh ic l e ,  a T-39A a i r p l a n e ,  is  a twin-engine subsonic  j e t  r e p r e s e n t a t i v e  
of a t y p i c a l  corporate-execut ive t r a n s p o r t .  
c r e w  of two p i l o t s ,  with up to  seven a d d i t i o n a l  passengers ,  and with a maximum gross  
weight of 17 760 lb. 

The a i r p l a n e  is  normally flown with a 

S p e c i f i c  f l i g h t  i n s t rumen ta t ion  used du r ing  t h e  descen t s  included t h e  a i r speed  
i n d i c a t o r ,  a Mach number i n d i c a t o r ,  and a p res su re  altimeter. All of t h e s e  f l i g h t  

. . . . .  11111. I I . I I . I I  1-11,. .... 11111..- . .  ...................... - . . . . . .  
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i n s t rumen t s  w e r e  d r i v e n  d i r e c t l y  from p res su re  sou rces  i n  t h e  a i r p l a n e  P i t o t - s t a t i c  
system. N o  i n s t rumen t  c o r r e c t i o n s  w e r e  app l i ed  through t h e  use of an  air-data 
computer. 

The a i r s p e e d  i n d i c a t o r ,  shown i n  figure 11,  has a convent ional  p o i n t e r / d i a l  
format with the  a d d i t i o n  of a maximum-allowable-airspeed p o i n t e r  which i n d i c a t e s  t h e  
maximum speed a t  which t h e  a i r p l a n e  can be flown a t  any p a r t i c u l a r  a l t i t u d e .  In  
a d d i t i o n ,  a v e r n i e r  scale, v i s i b l e  through a window a t  t h e  t o p  of t he  main d i a l ,  
makes one r evo lu t ion  f o r  each 100-knot change i n  a i r speed .  Graduations on t h i s  scale 
are provided f o r  each 2 knots .  

The Mach number i n d i c a t o r ,  shown i n  f i g u r e  12, i s  an  independent i n s t rumen t  
d i s p l a y i n g  only Mach number. A s i n g l e  p o i n t e r  i n d i c a t e s  t h e  Mach number on a d i a l  
f a c e  graduated i n  hundredths. 

DATA RECORDING 

A p o r t a b l e  voice r eco rde r ,  a s t o p  watch, and conven t iona l  f l i g h t  i n s t rumen t s  
w e r e  used t o  c o l l e c t  d a t a  f o r  descent-performance modeling. A l t i t ude ,  speed, temper- 
a t u r e ,  and t i m e  w e r e  recorded a t  a l t i t u d e  increments of approximately 500 f t  du r ing  
t h e  descen t s .  Speed, temperature,  and t i m e  w e r e  recorded a t  10-sec i n t e r v a l s  du r ing  
c o n s t a n t - a l t i t u d e  speed changes. Gross weights w e r e  recorded a t  the  beginning and 
end of each t e s t  run. 

F l i g h t  notes  were recorded by t h e  c o p i l o t  du r ing  t h e  f l i g h t  tests when t h e  cal- 
c u l a t o r  w a s  used f o r  descen t  planning. These d a t a  included t h e  following: 

( 1 )  T i m e  and DME i n d i c a t i o n  when t h r u s t  w a s  reduced t o  f l i g h t  i d l e  

( 2 )  Time and DME i n d i c a t i o n  when descen t  w a s  s t a r t e d  

( 3 )  Time and DME i n d i c a t i o n  when t r a n s i t i o n  from c o n s t a n t  Mach to  c o n s t a n t  
a i r speed  occurred during descen t  

( 4 )  T i m e  and DME i n d i c a t i o n  a t  beginning and ending p o i n t s  of l e v e l -  
f l i g h t  d e c e l e r a t i o n  pa th  segments, i nc lud ing  t h e  segment a t  10 000 f t ,  
i f  r equ i r ed  

( 5 )  All parameters en te red  i n t o  c a l c u l a t o r  used t o  compute descen t  p r o f i l e  

TEST PROCEDURES 

The experiment t a s k  r equ i r ed  t h e  f l i g h t  c r e w  t o  o p e r a t e  t h e  a i r p l a n e  as a t y p i -  
cal  a r r i v a l  t o  an a i r p o r t  t e rmina l  area. Each t e s t  run w a s  s t a r t e d  with t h e  a i r p l a n e  
e s t a b l i s h e d  inbound on a s p e c i f i e d  VOR r a d i a l  a t  a c r u i s e  Mach number of 0.72 and a t  
an a l t i t u d e  of 35 000 f t .  The p i l o t  w a s  expected t o  n u l l  t h e  l a te ra l  t r a c k i n g  e r r o r s  
throughout each test  run. 

P r i o r  t o  pas s ing  t h e  e n t r y  f i x  e s t a b l i s h e d  a t  130 n.mi. DME from t h e  VOR, t h e  
c o p i l o t  would e n t e r  t he  appropriate parameters i n t o  t h e  c a l c u l a t o r  and compute t h e  
d e s c e n t  p r o f i l e .  H e  would then prepare a descen t  d a t a  ca rd  with the  fol lowing i n f o r -  
mation f o r  t he  p i l o t :  ( 1 )  t he  DME i n d i c a t i o n  t o  reduce t h r u s t  t o  f l i g h t  i d l e  f o r  t h e  
descen t ,  ( 2 )  t h e  Mach number and a i r speed  t o  be used du r ing  t h e  descent ,  and ( 3 )  t h e  
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a i r speed ,  a l t i t u d e ,  and DME i n d i c a t i o n s  a t  which t h e  a i r p l a n e  should c r o s s  the 
metering f i x .  

The p i l o t ' s  t a s k  w a s  to  f l y  t h e  a i r p l a n e  along t h e  i d l e - t h r u s t  descen t  a t  t h e  
M/CAS i n d i c a t i o n s  w r i t t e n  on t h e  descen t  d a t a  card.  H e  would reduce the  t h r u s t  a t  
t h e  DME i n d i c a t i o n  s p e c i f i e d  on t h e  d a t a  card and slow t h e  a i r p l a n e  t o  t h e  descen t  
Mach number. H e  would then s t a r t  t h e  descen t  and maintain the  c o n s t a n t  d e s c e n t  Mach 
number by a d j u s t i n g  t h e  airplane's p i t c h  a t t i t u d e .  After t h e  c a l i b r a t e d  a i r s p e e d  
rose  t o  the  d e s i r e d  value,  p i t c h  a t t i t u d e  would be a d j u s t e d  with r e fe rence  t o  t h e  
a i r s p e e d  i n d i c a t o r .  

The p i l o t  w a s  i n s t r u c t e d  t o  conform t o  t h e  ATC-imposed 250-knot a i r s p e e d  l i m i t ,  
i f  required.  On t e s t  runs where the  metering-fix a l t i t u d e  w a s  5000 f t  and t h e  
descen t  a i r s p e e d  w a s  g r e a t e r  than 250 knots?  t h e  p i l o t  would leve l  t h e  a i r p l a n e  a t  
10 000 f t  and slow t o  250 knots .  Then he would cont inue the  descen t  a t  250 kno t s  
u n t i l  l e v e l i n g  t h e  a i r p l a n e  a t  t h e  meter ing-f ix  a l t i t u d e .  "he a i r p l a n e  would then be 
slowed t o  the  meter ing-f ix  c r o s s i n g  speed. The test  run would be completed a t  t h i s  
po in t .  

RESULTS AND DISCUSSION 

P r o f i l e  Descent F l i g h t  Performance 

The prime i n d i c a t o r  used t o  e v a l u a t e  t h e  performance t h a t  r e s u l t e d  with t h e  
open-loop guidance w a s  t he  accuracy i n  t e r m s  of t i m e  and d i s t a n c e  r equ i r ed  t o  achieve 
t h e  d e s i r e d  meter ing-f ix  cond i t ions .  This accuracy w a s  q u a n t i f i e d  with the  t i m e  and 
d i s t a n c e  e r r o r s  t h a t  r e s u l t e d  when the  d e s i r e d  a i r speed  and a l t i t u d e  f o r  t h e  
meter ing-f ix  c r o s s i n g  w e r e  a t t a i n e d  and with t h e  t i m e  e r r o r  t h a t  r e s u l t e d  when t h e  
metering f i x  w a s  crossed.  These e r r o r s  are shown f o r  each of 1 2  tes t  runs conducted 
on 4 d i f f e r e n t  days ( 3  test  runs p e r  day) i n  t a b l e  I. The mean and the  s t anda rd  

TABLE I .  - TIME AND DISTANCE ERRORS TO ATTAIN METERINGFIX CROSSING CONDITIONS 

- 

T e s t  run 
number 

1 
2 
3 
4 
5 
6 
7 
8 
9 

1 0  
11 
1 2  

h/CASd 

).70/300 
.72/340 
.70/300 
.60/ 2 5 0  
.70/300 
.7 2/320 
.60/250 
.65/275 
.70/300 
.60/250 
.70/300 
.60/ 250 

1 Mean 

:ASMF, 
mots  

250 
250 
210 
21 0 
250 
210 
21 0 
210 
21 0 
21 0 
21 0 
21 0 

~ M F  I 

f t  

10 000 
1 0  000 
5 000 

1 0  000 
10 000 

5 000 
10 000 
10 000 
5 000 

10 000 
5 000 

10 000 

1 Syndard dev ia t ion  

Time error to 
a t t a i n  des i red  

:ASMF and hMF, 
sec 

( a )  

1.2 
10.0 

2.6 
14.1 

5.2 
32.0 
-7.9 
-9.6 

-12.5 
.9 

-7 .4  
-12.1 

1.4 

13.0 

Distance error to  
a t t a i n  desired 

CASMF and hMF, 
n.mi. 

(b) 

-1.2 
1.4 
-.6 
-.2 

.4 
2.3 

-4.4 
-3.7 
-4.1 
.6 

-1 - 6  
-2.9 

-1.2 

2.2 

T i m e  error t o  
c r o s s  metering 

f i x ,  s e c  

( C )  

16.9 
-8.2 
12.5 
17.6 
- .5 

-9.4 
61 .7  
40.9 
57.2 
-8.8 
20.2 
34.6 

20.2 

- 

25.5 

a .  Minus values ind ica te  condit ions a t ta ined  l a t e r  than predicted.  
bMinus values ind ica te  condit ions a t ta ined  pas t  meterinq f i x .  
CMinus values ind ica te  metering f i x  crossed l a t e r  than predicted.  

19 



I I I I I I~ I I I  11111111 I 

d e v i a t i o n  f o r  t h e s e  e r r o r s  are p resen ted  a t  t h e  bottom of t h e  table. The M/CAS 
descen t  speed schedule  and the  d e s i r e d  c r o s s i n g  a i r s p e e d  and a l t i t u d e  a t  t h e  meter ing 
f i x  are a l s o  shown i n  t h e  table f o r  each tes t  run. 

The t i m e  e r r o r  t h a t  r e s u l t e d  while  a t t a i n i n g  t h e  d e s i r e d  meter ing-f ix  c r o s s i n g  
speed CASMF and a l t i t u d e  hMF w a s  an i n d i c a t i o n  of t h e  a c c u r a c i e s  with which t h e  
a i r p l a n e  descen t  performance d a t a  had been modeled and how c l o s e l y  t h e  a i r p l a n e  had 
been flown on t h e  p r e d i c t e d  p r o f i l e  w i th  t h e  open-loop guidance. This p a r t i c u l a r  
form of t i m e  e r r o r  w a s  n o t  a f f e c t e d  by winds s ince  it w a s  a t i m e  a s s o c i a t e d  with 
a t t a i n i n g  a i r s p e e d s  and a l t i t u d e s  (air-mass r e fe rence  frame).  ?he mean and t h e  s t an -  
dard d e v i a t i o n  of t h i s  t i m e  error f o r  t h e s e  tests w e r e  1.4 and 13.0 sec, respec- 
t i v e l y ,  f o r  descen t s  w i th  t i m e  d u r a t i o n s  between 5 and 11 min. Based on t h e s e  t i m e  
e r r o r s ,  it w a s  concluded t h a t  t h e  a i r p l a n e  descen t  performance d a t a  w e r e  adequately 
modeled and t h a t  t h e  t i m e  r equ i r ed  t o  a t t a i n  t h e  d e s i r e d  a i r s p e e d  and a l t i t u d e  could 
be adequately p r e d i c t e d  with the  open-loop guidance provided by t h e  Mach and a i r s p e e d  
i n d i c a t o r s .  

The d i s t a n c e  e r r o r  t h a t  r e s u l t e d  while  a t t a i n i n g  t h e  d e s i r e d  meter ing-f ix  c ros s -  
i n g  speed and a l t i t u d e  w a s  an i n d i c a t o r  of t h e  same e r r o r  components a s s o c i a t e d  with 
t h e  t i m e  e r r o r  and, i n  a d d i t i o n ,  an i n d i c a t o r  of t h e  accuracy of wind modeling. The 
r e s u l t i n g  mean and s t anda rd  d e v i a t i o n  f o r  t he  d i s t a n c e  e r r o r  f o r  t h e s e  test  runs w e r e  
-1.2 n.mi. and 2.2 n.mi., r e s p e c t i v e l y .  

The d i s t a n c e  e r r o r  data f o r  test  runs 7 t o  9 w e r e  considered high r e l a t i v e  t o  
t h e  d a t a  f o r  t he  o t h e r  tes t  runs.  For these  test  runs,  a c t u a l  ground speed, computed 
from t h e  f l i g h t  d a t a  f o r  t h e  l e v e l - f l i g h t  segment a t  c r u i s e  a l t i t u d e ,  w a s  compared 
with the  ground speed computed f o r  t h a t  same segment with t h e  p r o f i l e  descen t  algo- 
rithm. In each case, t h e  a c t u a l  ground speed w a s  approximately 28 knots  g r e a t e r  than 
p red ic t ed ,  thus i n d i c a t i n g  improperly modeled winds. The mean and t h e  s t anda rd  
d e v i a t i o n  of t h e  d i s t a n c e  e r r o r ,  excluding runs 7 t o  9, w e r e  -0.2 n.mi. and 1.6 n.mi., 
r e s p e c t i v e l y  . 

Experience obtained du r ing  t h e  p r o f i l e  descen t  tests wi th  t h e  ATOPS B-737 a i r -  
plane ( r e f .  5)  and the  d a t a  obtained from these  f l i g h t  tests i n d i c a t e  t h a t  t h e  two- 
component, l i n e a r  wind model w a s  s u f f i c i e n t  t o  model t h e  wind du r ing  t h e  descen t ,  
provided t h a t  t he  model w a s  based on reasonably a c c u r a t e  wind d a t a .  
runs 7 t o  9, however, have shown t h a t  it may be necessary f o r  t h e  p i l o t  t o  apply 
c o r r e c t i o n s  t o  the  wind model during f l i g h t  t o  reduce the  c r o s s i n g  e r r o r s  a t  t h e  
metering f i x .  An a d d i t i o n a l  sub rou t ine  has been developed ( b u t  n o t  f l i g h t  t e s t e d )  
t h a t  w i l l  a l low t h e  p i lo t  t o  e n t e r  a head-wind-component c o r r e c t i o n  f a c t o r  based on 
t h e  a c t u a l  ground speed ob ta ined  a t  c r u i s e  a l t i t u d e .  The p r o f i l e  descen t  a lgori thm 
then adds t h e  wind c o r r e c t i o n  component ( l i n e a r l y  reduced t o  ze ro  from c r u i s e  a l t i -  
tude t o  sea l e v e l )  t o  t h e  winds computed f o r  each of t h e  segments i n  t h e  descen t  
p r o f i l e .  

The d a t a  from 

The l a s t  column of t a b l e  I shows t h e  t i m e  e r r o r  t h a t  r e s u l t e d  when t h e  metering 
f i x  w a s  crossed.  The mean and t h e  s t anda rd  d e v i a t i o n  of t h i s  e r r o r  w e r e  20.2 and 
25.5 sec, r e s p e c t i v e l y .  With the  except ion of tes t  runs 7 t o  9, a l l  of t he  t e s t  runs 
r e s u l t e d  i n  an improvement of t h e  1- t o  2-min c r o s s i n g  e r r o r  c u r r e n t l y  achieved 
through c o n t r o l  from t h e  ground. The mean and t h e  s t anda rd  d e v i a t i o n  of t h e s e  d a t a ,  
with runs 7 t o  9 excluded, w e r e  8.3 and 15.7 sec, r e s p e c t i v e l y .  

O s c i l l a t i o n s  about  t h e  d e s i r e d  descen t  speed schedule  w e r e  observed during t h e  
descents .  They w e r e  t y p i c a l l y  less than 0.02 Mach during t h e  constant-Mach descen t ,  
and 5 knots  c a l i b r a t e d  a i r s p e e d  during t h e  constant-CAS descent .  It w a s  f e l t  t h a t  
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s i n c e  t h e  o s c i l l a t i o n s  w e r e  low and about  t h e  d e s i r e d  speeds,  t h e i r  e f f e c t s  on 
achieving t h e  p red ic t ed  p r o f i l e  cond i t ions  w e r e  minimal. The p i l o t  f e l t  t h a t  he 
could have reduced t h e  o s c i l l a t i o n s  about  t h e  des i r ed  Mach and a i r speed  dur ing  t h e  
descents  i f  a larger a t t i t u d e  i n d i c a t o r  (only  a 2 1/2" s tandby i n d i c a t o r  w a s  a v a i l -  
able dur ing  t h e s e  tests) w e r e  used. 

The a d d i t i o n a l  workload a s s o c i a t e d  with e n t e r i n g  t h e  r equ i r ed  information i n t o  
the  c a l c u l a t o r ,  computing the  descent  p r o f i l e ,  and f l y i n g  the  descent  with conven- 
t i o n a l  cockp i t  guidance w a s  r epor t ed  by t h e  f l i g h t  c r e w  t o  be acceptab le .  A l l  ca lcu-  
l a t o r  i n p u t s  and computations w e r e  made by t h e  c o p i l o t  dur ing  l e v e l  c r u i s e  f l i g h t  
where normal workload i s  t y p i c a l l y  low. me p i l o t  r epor t ed  t h a t  t h e  workload dur ing  
the descents  w a s  normal. 

Paramet r ic  S e n s i t i v i t y  Analysis  

A parametric s e n s i t i v i t y  a n a l y s i s  w a s  conducted t o  determine t h e  e f f e c t s  t h a t  
u n c e r t a i n t i e s  i n  t h e  magnitudes of t h e  o p e r a t i o n a l  parameters i n p u t  f o r  t h e  descen t  
computations would have upon the  t i m e  and d i s t a n c e  p r e d i c t i o n s  f o r  c ros s ing  t h e  
meter ing f i x .  This a n a l y s i s  w a s  conducted by comparing t h e  ou tpu t  (i.e.,  t i m e  and 
d i s t a n c e  p r e d i c t i o n s )  of t he  descent  computations, us ing  nominal i n p u t s ,  wi th  t h e  
ou tpu t  of a descen t  p r o f i l e  cons t ruc ted  t o  r e f l e c t  t h e  f l i g h t  pa th  r e s u l t i n g  from an 
off-nominal f l i g h t  condi t ion .  Fach off-nominal descent  was cons t ruc ted  us ing  t h e  
p red ic t ed  t i m e  and d i s t a n c e  computed with t h e  same i n p u t s  used f o r  t he  nominal case, 
except  f o r  t h e  s p e c i f i c  i n p u t  parameter t o  be examined. This descent  information w a s  
combined wi th  t h e  i d l e - t h r u s t  descent  p o i n t  computed f o r  t h e  nominal case, so t h a t  
the r e s u l t i n g  t i m e  and a i r speed  e r r o r s  f o r  c ros s ing  the  meter ing f i x  could be ca lcu-  
l a t e d .  Each i n p u t  parameter w a s  va r i ed  i n d i v i d u a l l y  by an amount judged to  be typ i -  
c a l  of t he  accuracy t h a t  could r e s u l t  dur ing  r o u t i n e  f l i g h t  ope ra t ions .  

Nominal case.- The magnitudes of t he  parameters used t o  compute t h e  nominal case 
are : 

( 1 )  Cru ise  a l t i t u d e  = 35 000 f t  

( 2) Cruise  Mach number = 0.72 

( 3 )  Outside s t a t i c  a i r  temperature  = -65.8OF ( I S A  a t  35 000 f t )  

( 4 )  Winds = 0 knots  a t  a l l  a l t i t u d e s  

( 5 )  Descent Mach number = 0.70 

( 6 )  Descent a i r speed  = 300 kno t s  

( 7 )  Airplane gross  weight = 15 500 l b  

(8)  Metering-fix c ros s ing  a l t i t u d e  = 10 000 f t  

( 9 )  Meter ing-f ix  c ros s ing  speed = 210 knots  

(10) Entry-f ix  l o c a t i o n  - 100 n.mi. from metering f i x  

The fo l lowing  r e s u l t s  w e r e  ob ta ined  wi th  t h e  p r o f i l e  descen t  computations us ing  
the nominal i n p u t s .  The t i m e  r equ i r ed  t o  f l y  between t h e  e n t r y  f i x  and the  meter ing 
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f i x  w a s  902.2 sec. Thrust  w a s  t o  be r e t a r d e d  t o  f l i g h t  i d l e  t o  s ta r t  t h e  descen t  
42.7 n.mi. from t h e  metering f i x .  The t i m e  to  f l y  from t h e  p o i n t  that  t h e  t h r u s t  w a s  
r e t a r d e d  t o  t h e  metering f i x  w a s  405.5 sec. 

The s e n s i t i v i t y  of each parameter on t h e  descen t  p r e d i c t i o n s  w a s  q u a n t i f i e d  
( 1 )  by t h e  t i m e  e r r o r ,  ( 2 )  by t h e  speed e r r o r  when t h e  meter ing f i x  w a s  c ros sed ,  and 
( 3 )  by t h e  dis. tance from t h e  meter ing f i x  when t h e  d e s i r e d  meter ing-f ix  a i r s p e e d  and 
a l t i t u d e  w e r e  obtained.  The v a r i a t i o n  of each parameter examined and t h e  correspond- 
i n g  e f f e c t s  on t h e  meter ing-f ix-crossing accuracy is  summarized i n  t a b l e  11. 

TABLE 11.- EFFECTS OF OPERATIONAL PAFFAMETER VARIATION 
ON METERING-FIX-CROSSING PREDICTIONS 

Parameter 
changed 

Wind modeling 

Gross weight 

S t a t i c  a i r  
temperature 

Descent Mach 
number 

Descent 
a i r s p e e d  

Parameter 
va r i  a t  i on 

20-knot head wind 
20-knot t a i l  wind 

500 l b  heav ie r  
500 l b  l i g h t e r  

ISA +5OC 
ISA -5OC 

0.02 f a s t  
.02 slow 

10 knots  f a s t  
10 knots  slow 

Crossing t i m e  
e r r o r ,  sec 

62.1 l a t e  
52.0 e a r l y  

4.6 e a r l y  
4.0 l a te  

10.3 e a r l y  
8.3 l a t e  

6.0 l a t e  
4.6 e a r l y  

1.9 e a r l y  
.1 l a t e  

Descent d i s t a n c e  
error, n.mi. 

~ 

2.3 p r i o r  
2.3 p a s t  

.8 p a s t  

.7 p r i o r  

1.5 p a s t  
1 .2  p r i o r  

1.5 p r i o r  
1.7 p a s t  

.7 p r i o r  
1.1 p a s t  

3rossing a i r s p e e d  
e r r o r ,  knots  

( a )  . 

48 f a s t  

. __ - .  

0 

17 f a s t  
0 

31 f a s t  
0 

0 
36 f a s t  

0 
24 f a s t  

aThrust  w a s  r equ i r ed  t o  maintain t h e  d e s i r e d  speed when the  c r o s s i n g  
a i r s p e e d  e r r o r  w a s  ze ro  and t h e  c r o s s i n g  a i r s p e e d  and a l t i t u d e  w e r e  a t t a i n e d  
p r i o r  t o  t h e  metering f i x .  

Wind-modeling s e n s i t i v i t y . -  The e f f e c t s  of wind-modeling e r r o r s  w e r e  c a l c u l a t e d  
f i r s t ,  assuming a c o n s t a n t  20-knot e r r o r  i n  t h e  head-wind component f o r  t he  e n t i r e  
f l i g h t  pa th  between t h e  e n t r y  f i x  and t h e  metering f i x .  These c a l c u l a t i o n s  w e r e  then 
repeated assuming a 20-knot ta i l -wind e r r o r .  

With an unknown 20-knot head wind, t h e  r e s u l t i n g  ground speed would be decreased 
p r o p o r t i o n a t e l y  and would r e s u l t  i n  a crossing-time e r r o r  of 62.1 sec l a t e r  than 
p red ic t ed .  The d e s i r e d  a i r speed  and a l t i t u d e  f o r  c r o s s i n g  t h e  metering f i x  would be 
obtained 2.3 n.mi. p r i o r  t o  t h e  f i x .  Thrust  would be r equ i r ed  t o  maintain a i r s p e e d  
and a l t i t u d e  t o  c r o s s  t h e  metering f i x .  With t h e  20-knot t a i l  wind, t h e  metering f i x  
would be crossed 52.0 sec ear l ier  than p red ic t ed ,  b u t  w i th  an a i r speed  48 kno t s  
f a s t e r  than des i r ed .  The d e s i r e d  f i n a l  a i r speed  and a l t i t u d e  would be achieved 
2.3 n.mi. p a s t  t he  metering f i x .  

It should be noted t h a t  t h e  t i m e  e r r o r  i s  accumulated i n  t h e  descen t  and c r u i s e  
p o r t i o n s  of f l i g h t  between the  e n t r y  and metering f i x e s .  Hence, t h i s  t i m e  e r r o r  w i l l  
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a l s o  be a f u n c t i o n  of d i s t a n c e  between t h e  f i x e s .  I f  t h e  t i m e  e r r o r  i ncu r red  du r ing  
the  c r u i s e  p o r t i o n  is  n o t  considered,  t he  t i m e  e r r o r  f o r  t h e  head-wind case would be 
37.1 sec la te  and, f o r  t h e  ta i l -wind case, 29.1 sec e a r l y .  

The p o t e n t i a l  for s i g n i f i c a n t  errors occur r ing  i n  wind modeling is high because 
of a c o n s t a n t l y  changing atmosphere and t h e  vaga r i e s  of f o r e c a s t i n g  winds a l o f t .  
However, t h e  wind-modeling accuracy problem can be reduced i f  t he  p i l o t  can modify 
t h e  wind model based upon t h e  winds a c t u a l l y  encountered du r ing  t h e  c r u i s e  p o r t i o n  of 
h i s  f l i g h t .  

Gross-weight s e n s i t i v i t y . -  The e f f e c t s  of gross-weight v a r i a t i o n s  w e r e  calcu-  
l a t e d  f o r  both 500 lb heav ie r  and 500 l b  l i g h t e r  than nominal g ross  weight. This 
v a r i a t i o n  r ep resen ted  a 3.2-percent d e v i a t i o n  from a nominal gross-weight cond i t ion  
of 15 500 lb. 

The descen t  parameter most s i g n i f i c a n t l y  a f f e c t e d  by gross-weight v a r i a t i o n s  w a s  
t he  p o i n t  a t  which t h r u s t  should be r e t a r d e d  t o  f l i g h t  i d l e  f o r  beginning t h e  
descent .  The heavier-than-nominal a i r p l a n e  would r e q u i r e  a p a t h  0.8 n.mi. longer  
than p r e d i c t e d  f o r  t h e  descen t ,  s i n c e  it must be flown a t  a s l i g h t l y  higher  l i f t -  
to-drag r a t i o  (same i n d i c a t e d  a i r s p e e d s ) ,  which would r e s u l t  i n  a shal lower descen t  
angle.  The l ighter-than-nominal gross-weight cond i t ion  would r e s u l t  i n  a p a t h  
0.7 n.mi. s h o r t e r  than p red ic t ed .  

The meter ing-f ix  c r o s s i n g  e r r o r s  due t o  gross-weight v a r i a t i o n s  occurred because 
the descen t  would be i n i t i a t e d  a t  t h e  wrong p o i n t .  For the  500 l b  heavier-than- 
nominal case, t h e  metering f i x  would be crossed 4.6 sec e a r l y  and 17 knots f a s t e r  
than d e s i r e d .  The d e s i r e d  a i r speed  would be achieved 0.8 n.mi. p a s t  the f i x .  For 
t h e  500 l b  l ighter-than-nominal case, t h e  d e s i r e d  c r o s s i n g  speed and a l t i t u d e  would 
be achieved 0.7 n.mi. p r i o r  t o  c r o s s i n g  the metering f i x .  This would r e s u l t  i n  an 
a r r i v a l - t i m e  e r r o r  of 4 sec late.  

S ta t i c - a i r - t empera tu re  s e n s i t i v i t y . -  S t a t i c  a i r  temperature is  used i n  t h e  
descen t  computations t o  conve r t  p r e s s u r e  a l t i t u d e  t o  g e o p o t e n t i a l  a l t i t u d e  and t o  
compute t r u e  a i r s p e e d  ( k n o t s )  from Mach number. The e f f e c t s  of s ta t ic-air-  
temperature e r r o r  on the  descen t  p r o f i l e  w e r e  c a l c u l a t e d  by b i a s i n g  the  nominal 
temperature p r o f i l e  5OC w a r m e r  and 5OC colder .  Temperatures w a r m e r  than s t anda rd  
r e s u l t e d  i n  an i n c r e a s e  i n  g e o p o t e n t i a l  a l t i t u d e s  and an i n c r e a s e  i n  t r u e  a i r s p e e d ;  
c o l d e r  than s t anda rd  r e s u l t e d  i n  decreases .  

With a temperature p r o f i l e  5OC w a r m e r  than s t anda rd ,  t h e  inc reased  a l t i t u d e s  and 
a i r speeds  would cause the  metering f i x  t o  be crossed 10.3 sec e a r l y ,  a t  an a i r s p e e d  
31 knots  f a s t e r  than des i r ed .  The d e s i r e d  c r o s s i n g  speed would be a t t a i n e d  1.5 n.mi. 
p a s t  the metering f i x .  For a t e n p e r a t u r e  p r o f i l e  5OC c o l d e r  than s t anda rd ,  t h e  
d e s i r e d  c r o s s i n g  speed would be a t t a i n e d  1.2 n.mi. p r i o r  t o  t h e  metering f i x .  The 
f i x  would be c ros sed  8.3 sec later than p red ic t ed .  

Descen t  Mach number s e n s i t i v i t y . -  The e f f e c t s  on t h e  descen t  p r o f i l e  caused by 
v a r i a t i o n  of the Mach number during t h e  descen t  segment w e r e  c a l c u l a t e d  f o r  a 
0.02-Mach increment faster and a 0.02-Mach increment slower than t h e  nominal-descent 
Mach number of 0.70. The most s i g n i f i c a n t  e f f e c t  upon t h e  descen t  p r e d i c t i o n s  w a s  
t h e  change i n  d i s t a n c e  r equ i r ed  t o  descend from t h e  c r u i s e  a l t i t u d e  t o  t h e  metering- 
f i x  a l t i t u d e .  The f a s t e r  Mach number (0.72) would r e s u l t  i n  t he  descen t  being 
completed 1.5 n.mi. earl ier than f o r  t h e  nominal case. Although t h e  t i m e  t o  descend 
would be s h o r t e r  with t h e  f a s t e r  Mach number, t h e  t o t a l  t i m e  t o  f l y  t o  the  meter ing 
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f i x ,  with t h e  a d d i t i o n a l  1.5 n.mi. t o  f l y  a t  t h e  meter ing-f ix  a l t i t u d e ,  would r e s u l t  
i n  the metering f i x  being crossed 6.0 sec later than p r e d i c t e d .  

For t h e  slower Mach number (0.681, t h e  metering f i x  would be c rossed  4.6 sec 
e a r l y ,  a t  an a i r speed  36 knots  f a s t e r  than d e s i r e d .  The d e s i r e d  c r o s s i n g  speed would 
be a t t a i n e d  1.7 n.mi. p a s t  t h e  metering f i x .  

Descent-airspeed s e n s i t i v i t y . -  The e f f e c t s  t h a t  v a r i a t i o n  of t h e  descen t  air- 
speed had upon t h e  descen t  p r e d i c t i o n s  w e r e  c a l c u l a t e d  f o r  1 0-knot increments f a s t e r  
and slower than t h e  nominal 300-knot descen t  speed. The f a s t e r  descen t  speed 
(310 k n o t s )  would cause the  d e s i r e d  c r o s s i n g  speed and a l t i t u d e  t o  be a t t a i n e d  
0.7 n.mi. prior t o  t h e  metering f i x .  The metering f i x  would be crossed 1.9 sec 
earlier than p red ic t ed .  A t  t h e  slower descen t  speed (290 k n o t s ) ,  t he  f i x  would be 
c ros sed  0.1 sec la ter  than p red ic t ed ,  b u t  a t  an  a i r s p e e d  24 knots  f a s t e r  than 
des i r ed .  The d e s i r e d  c r o s s i n g  cond i t ions  would be a t t a i n e d  1.1 n.mi. p a s t  t h e  f i x .  

CONCLUDING REMARKS 

A simple,  a i r b o r n e ,  flight-management descen t  a lgo r i thm,  desiqnec t o  a i d  t h e  
p i l o t  i n  planning a f u e l - e f f i c i e n t  t ime-constrained descent ,  w a s  programmed i n t o  a 
small programmable c a l c u l a t o r .  In a time-metered mode, t h e  a i r b o r n e  a lgo r i thm 
computes t h e  s p e c i f i c  Mach number, a i r speed ,  and p o i n t  f o r  t h e  p i l o t  t o  begin t h e  
descen t  t o  a r r i v e  a t  a metering f i x  a t  a predetermined a i r s p e e d ,  a l t i t u d e ,  and t i m e  
a s s igned  by a i r  t r a f f i c  c o n t r o l  (ATC) .  In t h e  nonmetered mode, t h e  algori thm 
computes t h e  p o i n t  t o  beqin the  descen t  based on t h e  Mach and a i r speed  descen t  speed 
schedule  i n p u t  by t h e  p i l o t .  

F l i g h t  test  d a t a  obtained with a T-39A a i r p l a n e  i n d i c a t e d  t h a t  t h e  t i m e  and 
d i s t a n c e  t o  descend could be s a t i s f a c t o r i l y  p red ic t ed  with t h e  use of r e l a t i v e l y  
simple equat ions and a i r p l a n e  performance c h a r a c t e r i s t i c s  modeling. The f l i g h t  d a t a  
a l s o  have shown t h a t  t h e  descen t  p r o f i l e  could be s a t i s f a c t o r i l y  flown with open-loop 
guidance provided by convent ional  cockp i t  Mach and a i r s p e e d  i n d i c a t o r s .  The c r e w  
workload r equ i r ed  t o  compute and f l y  descen t s  w a s  r epor t ed  t o  be acceptable .  

A parametr ic  s e n s i t i v i t y  a n a l y s i s  has shown t h a t  improper wind modeling has the  
p o t e n t i a l  t o  produce s i g n i f i c a n t  p r e d i c t i o n  e r r o r s .  These e r r o r s  may be reduced by 
p rov id ing  t h e  f l i g h t  c r e w  with t h e  c a p a b i l i t y  t o  modify t h e  wind model based on 
a c t u a l  winds encountered a t  c r u i s e  a l t i t u d e s .  

Langley Research Center 
Na t iona l  Aeronautics and Space Administration 
Hampton, VA 23665 
September 75, 1982 
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